1
. Chromosome structural variation may underpin intraspecific diversity and complex phenotypes 2 by reducing recombination within supergenes containing linked, co-adapted alleles. Connecting ecologically-relevant phenotypes to genomic variation can enable more precise conservation of exploited marine species by protecting important genetic diversity 3, 4 . Here, using genome-wide association analysis of a 12K single nucleotide polymorphism (SNP) array we confirm that an ancient, derived chromosomal rearrangement consisting of two adjacent inversions is strongly associated with migratory phenotype and individual-level genetic structure in Atlantic cod (Gadus morhua) across the Northwest Atlantic. The presence of all identified migration-associated loci within this rearrangement indicates that pervasive variation in migration phenotype is in part controlled by a recombination-resistant supergene, facilitating fine-scale individual phenotypic variation within Northern cod.
Furthermore, we reconstruct trends in effective population size over the last century, and find genomic signatures of population collapse, and different patterns of population expansion and decline among individuals based on supergene alleles. We demonstrate declines in effective population size consistent with the onset of industrialized harvest (post 1950) and substantially reduced effective size of individuals homozygous for the derived chromosomal rearrangement relative to heterozygous individuals or those homozygous for the ancestral version of this chromosomal region. These results illustrate how chromosomal structural diversity can mediate fine-scale genetic and phenotypic variation in a highly connected marine species, and suggest a loss of biocomplexity from a migration-associated supergene within Northern cod by overfishing.
Consideration of intraspecific variation is central to the effective management of natural resources and ecosystem services 5, 6 . Individual phenotypic and genetic variation can play a key role in dictating ecological composition and function, and accordingly perturbations to this variation have been shown to alter ecosystem structure 7 .
Incorporating intraspecific diversity into management plans requires the identification of heritable phenotypes linked to ecological resilience and biocomplexity 1, 8 . Genomic analyses have increasingly revealed chromosome structural rearrangements (e.g., inversions, translocations) underpinning ecologically variable traits, supporting an important role for genomic architecture in promoting intraspecific ecological diversity 9, 10 . For example, chromosomal inversions may facilitate the evolution of complex phenotypes in sympatry through the formation of supergenes or clusters of linked adaptive loci in regions of reduced recombination 9 . Quantifying the relationship between genomic architectural variation and ecologically relevant phenotypes can provide deeper understanding of the genomic drivers of biocomplexity, enabling genomics-guided species management and precise measurement of human impacts within species 11 .
However, the relationship between genomic architecture and key ecological traits remains largely unknown in most exploited species 4 .
Atlantic cod (Gadus morhua) have an extensive history of exploitation and increasing evidence of genomic structural variation associated with ecological adaptation 4, 10, 12 . The Northern cod population in northwest Atlantic waters around Newfoundland and Labrador have undergone multiple population declines, the most recent and drastic of which has been driven largely by overharvesting following adoption of industrial-scale fishing, in tandem with climate shifts 13 . In conjunction with recent declines in abundance, size and age at maturity have also declined within the Northern cod stock since the 1970's 14, 15 . Both the presence of a genetic basis for intraspecific variation in the species, and reports of changes in key life history traits suggests the potential that fishery-induced selection has occurred 15 . Figure 1C ). The presence of two adjacent inversions may prevent multiple crossovers events, suppressing recombination along the entire rearrangement and enabling this genomic region to function as a single supergene 10, 20 .
Population structure analysis was expanded geographically to include samples from throughout the Northwest Atlantic in waters around Newfoundland and Labrador, Southern Canada, the Laurentian Gulf, and coastal Labrador. We conducted separate analyses using genome-wide SNPs from regions without known inversions (n=2500), and
SNPs within the rearranged region on LG1 (n=237). Individual Neighbour-Joining trees revealed little structuring at neutral loci, and again uncovered the presence of three discrete groups using only SNPs within the LG1 rearranged region ( Figure 1D ). Bayesian clustering analysis of SNPs within the LG1 rearranged region also demonstrated ancestry proportions consistent with homozygous or heterozygous genotypes from ancestral or derived rearranged LG1 haplotypes ( Figure 1E ).
To quantify the relationship between chromosomal rearrangements in the Atlantic cod genome and migratory phenotype, we conducted genome-wide association analyses across all sampled populations. We assigned regional-level migratory and non-migratory phenotypes to individuals from each sampled location using previously collected migratory behaviour data 21 (Supplementary Table 1) , and detected migration-associated SNPs using random forest, partial redundancy analysis, and latent factor mixed models.
We uncovered 21 SNPs (Supplementary Table 2 LG1 homozygous ancestral and heterozygous individuals driven by decline in sites around Labrador, suggesting spatial variation in selection intensity (Supplementary Figure 2) . The capacity of genomic data to detect recent collapse of Northern cod was also supported by allele frequency-based bottleneck tests.
Our results provide novel advances in understanding biocomplexity at a genomic level in marine species. We demonstrate that intraspecific diversity in migratory behavior is associated with a derived chromosomal rearrangement consisting of two adjacent To find polygenic associations with migratory phenotype, we first used random forest 37 classification, a non-parametric, decision tree-based algorithm. We produced a matrix with individual migratory phenotypes as the response variable, and SNP genotypes at each locus as predictor variables. Random forest was run using the R package randomForest 40 after imputing missing genotypes using the rfImpute function.
We ran 5000 trees as predictor rank stabilized was ensured with this quantity of trees. We set the mtry parameter to default following testing of optimal mtry parameter values using the tuneRF function. Stratified sampling was applied to ensure unbiased representation of migratory phenotype class within each tree. Out-of-bag mean decrease in accuracy was calculated across all trees for each SNP as an estimate of predictor importance. We retained all SNPs with mean decrease in accuracy greater than 0.0015; values below this limit exhibited a sharp drop in mean decrease in accuracy, indicating relatively limited utility of these SNPs in classifying migratory and non-migratory individuals.
We then carried out a constrained ordination using partial redundancy analysis. To account for the possibility of observed decline in LG1 homozygous derived individuals driven by small sample size, we generated 10 subsamples of 41 LG1
homozygous ancestral individuals and conducted replicate effective size estimation. We observed similar starting effective sizes across replicates (mean Ne = 2577.449, sd = 170.1235) and identified expansions coinciding with stock recovery in all 10 samples.
We did not observe patterns of decline matching the pattern observed in the sample of homozygous derived individuals, indicating this decline is likely not an artefact of small sample size (Supplementary Figure 3) . We identified a recent, post-1980 decline across 3 of the 10 subsamples, which could indicate spatial heterogeneity in recent decline patterns across LG1 homozygous ancestral Northern cod samples (Supplementary Figure   3) . To test this hypothesis, we split LG1 homozygous ancestral, LG1 homozygous derived, and heterozygous groups into population groups corresponding to coastal Labrador samples, offshore samples, and samples from coastal Newfoundland. We then conducted LinkNe analysis on these samples, revealing recent decline of LG1 homozygous ancestral and heterozygous individuals within the coastal Labrador grouping (Supplementary Figure 2) . Together, these results indicate that small sample sizes have likely not produced false signals of decline, and demonstrate spatial variation in cod stock decline across Newfoundland and Labrador.
Bottleneck detection: To provide secondary genetic confirmation of observed stock collapses observed in abundance data and using effective size reconstruction, we also tested for presence of recent genetic bottlenecks in LG1 homozygous ancestral, heterozygous, and LG1 homozygous derived groups. We analyzed 6270 genome-wide Luu, K., Bazin, E., & Blum, M. G., pcadapt: an R package to perform genome scans for selection based on principal component analysis. Molecular Ecology Resources, 17, 67-77 (2017) . 
